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The α-Gal syndrome (AGS) is a type of allergy characterized by an IgE antibody (Ab)

response against the carbohydrate Galα1-3Galβ1-4GlcNAc-R (α-Gal), which is present

in glycoproteins from tick saliva and tissues of non-catarrhine mammals. Recurrent tick

bites induce high levels of anti-α-Gal IgE Abs that mediate delayed hypersensitivity

to consumed red meat products in humans. This was the first evidence that tick

glycoproteins play a major role in allergy development with the potential to cause fatal

delayed anaphylaxis to α-Gal-containing foods and drugs and immediate anaphylaxis to

tick bites. Initially, it was thought that the origin of tick-derived α-Gal was either residual

blood meal mammalian glycoproteins containing α-Gal or tick gut bacteria producing

this glycan. However, recently tick galactosyltransferases were shown to be involved

in α-Gal synthesis with a role in tick and tick-borne pathogen life cycles. The tick-borne

pathogen Anaplasma phagocytophilum increases the level of tick α-Gal, which potentially

increases the risk of developing AGS after a bite by a pathogen-infected tick. Two

mechanisms might explain the production of anti-α-Gal IgE Abs after tick bites. The

first mechanism proposes that the α-Gal antigen on tick salivary proteins is presented

to antigen-presenting cells and B-lymphocytes in the context of Th2 cell-mediated

immunity induced by tick saliva. The second mechanism is based on the possibility

that tick salivary prostaglandin E2 triggers Immunoglobulin class switching to anti-α-Gal

IgE-producing B cells from preexisting mature B cells clones producing anti-α-Gal IgM

and/or IgG. Importantly, blood group antigens influence the capacity of the immune

system to produce anti-α-Gal Abs which in turn impacts individual susceptibility to AGS.

The presence of blood type B reduces the capacity of the immune system to produce

anti-α-Gal Abs, presumably due to tolerance to α-Gal, which is very similar in structure

to blood group B antigen. Therefore, individuals with blood group B and reduced levels

of anti-α-Gal Abs have lower risk to develop AGS. Specific immunity to tick α-Gal is

linked to host immunity to tick bites. Basophil activation and release of histamine have

been implicated in IgE-mediated acquired protective immunity to tick infestations and

chronic itch. Basophil reactivity was also found to be higher in patients with AGS when
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compared to asymptomatic α-Gal sensitized individuals. In addition, host resistance to

tick infestation is associated with resistance to tick-borne pathogen infection. Anti-α-Gal

IgM and IgG Abs protect humans against vector-borne pathogens and blood group B

individuals seem to be more susceptible to vector-borne diseases. The link between

blood groups and anti-α-Gal immunity which in turn affects resistance to vector-borne

pathogens and susceptibility to AGS, suggests a trade-off between susceptibility to AGS

and protection to some infectious diseases. The understanding of the environmental and

molecular drivers of the immune mechanisms involved in AGS is essential to developing

tools for the diagnosis, control, and prevention of this growing health problem.

Keywords: red meat allergy, food allergy, α-Gal syndrome (AGS), ticks, IgE

INTRODUCTION

Most mammals express the antigen Galα1-3Galβ1-4GlcNAc-
R (α-Gal). Inactivation of the α-1,3-galactosyltransferase
(α1,3GalT) gene in old world monkeys, apes, and humans
resulted in an almost unique ability of this group of primates
to produce high antibody (Ab) titers against α-Gal (1). An
α1,3GalT gene (GGTA1) is also present in the human genome.
However, in human cells only truncated transcripts of this gene
have been detected. These transcripts lack the two catalytic
exons of galactosyltransferases and are thus translated in an
enzymatically inactive α1,3GalT polypeptide (2). Therefore,
humans cannot synthesize the α-Gal epitope. Instead, all non-
immunocompromised humans can develop a strong immune
response against this non-self-recognized oligosaccharide (3).
Abs directed against α-Gal are regarded as the only abundantly
expressed natural Abs in humans (3, 4). It has been suggested that
anti-α-Gal Abs are constantly produced in the gastrointestinal
tract against α-Gal epitopes present in the outer membrane
of bacteria from the intestinal microbiome (3). Owing to the
continuous antigen stimulation by the gut microbiome, also
a large number of blood B lymphocytes have the capability to
produce Abs directed against α-Gal (5–7). Most of these blood
B cells are memory B cells, but once foreign antigens expressing
α-Gal enter the body, these anti-α-Gal B cells are stimulated and
can produce large amounts of high-affinity α-Gal Abs (7, 8). Abs
raised against microbiome produced α-Gal have been described
to be IgM and IgG, predominantly IgG2. Indeed, IgG Abs to
carbohydrates are mostly IgG2 (9, 10).

The outcome of an immune response against foreign α-Gal
epitopes can be either beneficial or detrimental, depending on
the source of α-Gal and how and where the body encounters α-
Gal (11). A beneficial effect of anti-α-Gal Abs is the protection
against the transmission of vector-borne and non-vector-borne
pathogens that also carry α-Gal on their surface (6, 12). In
contrast, a negative effect of the immune response against α-Gal
is the rejection of xenotransplants, caused by the recognition of
α-Gal expressed on pig cells, which prevents the transplantation
of pig organs into humans (13). Another detrimental effect
of anti-α-Gal immunity is the α-Gal syndrome (AGS), which
is caused by IgE Abs directed against α-Gal and which is
characterized by two different forms of anaphylactic reactions:

delayed allergic reactions after ingestion of red meat and
immediate reactions in response to tick bites and during
intravenous exposure to cetuximab, a chimeric mouse-human
IgG1 monoclonal Ab (mAb) specific for the epidermal growth
factor receptor (EGFR) used in the treatment of colorectal
cancer (14–17).

In this manuscript, we reviewed our current knowledge and
hypothesis on the environmental, immune and molecular factors
associated with this recently discovered tick-related disease.

CLINICAL ASPECTS OF AGS

The term “syndrome” has recently been proposed to better
describe the clinical relevance of this unique allergy induced by
tick bites (18, 19). The distinctive clinical feature of AGS mainly
relates to a delay in the onset of systemic allergic reactions in
α-Gal sensitized individuals that typically occur 3–6 h after red
meat consumption, whichmakes the AGS different from all other
classical IgE-mediated food hypersensitivities (19, 20). However,
immediate anaphylaxis to tick bites and cetuximab has also
been reported (14–17). The mechanisms underlying the delay in
response to red meat consumption are still poorly understood,
but the factors involved in digestion, absorption and subsequent
presentation of α-Gal molecules to the host immune system after
red meat consumption appear to be very important (19, 21).
Specifically, delayed appearance of glycolipid forms of α-Gal in
blood circulation following the alterations in lipid and fatty acid
metabolism is a plausible explanation for the delay in symptoms
development (21). Moreover, in the same study Steinke et al. (21)
reported significant and time-dependent differences in baseline
expression of several metabolites between the healthy control
group and meat allergic subjects, with the highest disparity being
observed in amino acid/peptide and lipid metabolic pathways.
These findings further suggest that metabolic changes including
those related to amino acid catabolism, lipid, and carbohydrate
metabolism and bile acids synthesis are all associated with AGS
development and its presentation, likely through alterations of
components involved in the allergic response.

In general, AGS occurs in patients of all ages with no obvious
connection to a previous atopic disposition (22). However, there
are studies that described an impact of age and atopy on the
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development of AGS (23–25). Affected humans display a variety
of clinical symptoms and these commonly include urticaria,
pruritus, recurrent angioedema, or even life-threatening signs of
systemic anaphylaxis. Some individuals also described nausea,
diarrhea, indigestion, or abdominal pain prior to the onset of
the syndrome. Several patients with AGS report a complete
disappearance of the clinical symptoms, even after new exposure
to α-Gal, indicating the idiosyncratic nature of AGS (19, 20).
A recent study in forest workers with high exposure to tick
bites revealed sensitization against α-Gal in as many as 35% of
them, but AGS was diagnosed in <5% of the sensitized subjects
(25). These clinically distinct types of the syndrome presentations
suggest that allergen dose and/or co-factors may affect likelihood
and severity of the reaction (18, 26, 27). For instance, delayed
anaphylactic reactions to α-Gal are most frequently observed
after beef (53%) and pork (47%) consumption followed by
ingestion of lamb (9.1%) or deer (7.3%) meat (18). Moreover,
eating pork kidney and other mammalian innards often results
in a more severe and rapid reaction with clinical symptoms
appearing in <2 h after meat consumption (26, 28). Several
studies have revealed that pork kidney contains quantitatively
more α-Gal epitopes compared to muscle meat, indicating that
difference in severity and temporal dynamics of the anaphylaxis
in patients with AGS is closely associated with the amount of
accessible α-Gal determinants in the meat (18, 26, 29).

The way in which α-Gal is processed and absorbed after
ingestion of mammalian tissues is not yet well-defined (21).
Apart from the concentration of allergen ingested and individual
components involved in the modulation of the digestion
processes, some other factors may influence the risk of α-Gal-
sensitized individuals to develop an allergic reaction to red
meat (18, 30, 31). Concomitant alcohol consumption, physical
exercise and use of some type of medications (e.g., non-steroidal
anti-inflammatory drugs, acetylsalicylic acid) are associated with
variations in the clinical presentation of AGS, for instance
shorter delay of reactions in patients with IgE to α-Gal (23,
26, 28, 32). The general hypothesis is that these co-factors
increase gastrointestinal absorption and uptake of the allergen
by for example; increasing gastrointestinal permeability, blood
circulation, and histamine release (33). Therefore, AGS could
be classified as food-dependent exercise-induced anaphylaxis
(FDEIA) due to the striking effect of the modifying co-factors
on the timing of allergic reactions to meat as well as on the
presentation of α-Gal moieties to the patients’ immune system
(28). However, more in-depth studies are required to better
understand the effects of different co-factors and mechanisms
involved in the development and severity of AGS.

Aside from being involved in allergy to red meat, sensitization
to α-Gal is also associated with allergic reactions in individuals
exposed to different sources of α-Gal-containing antigens, other
than meat and meat by-products (19, 34). Immediate onset
anaphylaxis has been reported in patients with metastatic
colorectal cancer treated with cetuximab. Due to intravenous
infusion of the cancer drug containing high concentration
of α-Gal epitopes on the FAB portion of this molecule’s
heavy chain, reaction to cetuximab develops immediately and
may even be fatal in highly sensitized persons (15, 35).

Administration of vaccine and drugs containing mammalian
products such as gelatin, collagen or albumins, may also
confer a risk of the allergic reaction in individuals with anti-
α-Gal IgE Abs (34). Furthermore, results of recent studies
have shown that increased levels of IgE Abs to α-Gal have
been associated with premature degeneration of porcine aortic
valves (36) and increased atheroma burden and plaques,
which represents a potentially new risk factor for coronary
atherosclerosis (37). Finally, the AGS has been also associated
with anaphylactic reactions to tick bites, and the mechanisms
associated with these reactions have not been characterized
but likely include modulation of the immune response by
tick-derived molecules inoculated into the host during blood
feeding (17, 32).

AGS DIAGNOSIS AND PREVENTION

Diagnosis of AGS differs from that of typical food allergies
because of the delay in symptoms onset that usually occurs
a few hours after mammalian meat consumption. However,
the time of the symptoms appearance largely depends on the
allergen source (innards have higher potency compared tomuscle
meat) and several modifying co-factors (e.g., alcohol, exercise),
which shorten the time before reactions (18, 32). The unspecific
presentations of AGS including allergic reactions to tick bites
make the diagnosis very complex and challenging, therefore an
extensive patient’s history including all clinical aspects must be
taken into account before the laboratory tests are performed.
Currently, confirmation of the initial diagnosis involves skin
prick tests (SPT), determination of serum specific IgE Abs and
food challenges (38). Exposure of a patient’s skin to α-Gal-
containing extracts is a widely used diagnostic approach, but high
variations in sensitivity of the skin tests have been reported. In
particular, SPT using commercial meat extracts is found to be
unreliable as it generally yields poor or false negative results and
consequently leads to incorrect guidance for patients (39). Also,
SPT with native meat and meat products (prick-to-prick test)
usually yields false-negative or just weak skin reactions. Injection
of fresh pork or beef kidney preparations underneath the skin
(intradermal test) proved to be more sensitive when compared
to cooked or raw muscle meat from the same animal species
(28, 39), although this is not a feasible method to be used in
routine allergy diagnosis. Intradermal testing with 4% gelatin-
derived colloid (Gelafundin) provides an alternative test with
comparable sensitivity to skin test performed with fresh meat
products (40).

Commercially available assays for quantitative measurement
of serum IgE to α-Gal [threshold level >0.10 kUA/L, (31)] still
represent themost reliable diagnostic tool (20), but the diagnostic
value of the tests exclusively depends on the binding capacity
of antigen-specific IgE Abs (41). Determination of IgE levels
by using the abundantly α-Gal-decorated bovine thyroglobulin
showed to be more useful for diagnosis of AGS (100% sensitivity
and 92.3% specificity) in comparison to other IgE tests such
as α-Gal-biotin, beef, or pork (41). However, none of these
IgE tests can distinguish between individuals with AGS and

Frontiers in Immunology | www.frontiersin.org 3 May 2019 | Volume 10 | Article 1210

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cabezas-Cruz et al. Drivers of the α-Gal Syndrome

those with asymptomatic α-Gal sensitization (38). Therefore, the
basophil activation test (BAT) has been proposed as an additional
in vitro diagnostic test, which may help to partially overcome
this limitation (38), although this test will be limited to few
specialized laboratories.

The food challenge is still considered as the gold standard
in food allergy diagnosis, but using this method in diagnosis
of the AGS is not recommended because of the delayed nature
of the reaction and also because it may cause a severe and
potentially fatal anaphylactic reaction (19). Complete avoidance
of mammalian meat, meat by-products, and other α-Gal-
containing foods is the only strategy proposed for preventing
recurrent episodes of allergic reactions in patients (20). Although
there is no strong evidence, many patients with α-Gal allergy
seem to be able to outgrow the hypersensitivity and tolerate
mammalian meat again either through prolonged tick bite
avoidance (1–2 years) or through continued exposure to very low
doses of α-Gal (19, 20, 42).

EPIDEMIOLOGY OF AGS

The first report of the capacity of ticks to induce red meat allergy
was in 2007 when van Nunen observed allergic reactions after red
meat consumption in 23 out of 25 patients, of which 24 reported
at least one tick bite (43, 44). Due to its recent discovery and
dissimilarities from most known food allergies, the reports on
the occurrence and distribution of AGS are strongly influenced
by the effort of individual research groups and clinicians. To the
best of our knowledge, no country has implemented a national
program to diagnose the AGS. In consequence, AGS is currently
underappreciated and underdiagnosed. AGS has been reported in
Australia, North America, Central and South America, Europe,
Asia and Africa (Table 1). Distribution of ticks expressing α-Gal
and human activities that favor exposure to tick bites seems to
shape the incidence of this disease worldwide. So far, tick bites
and therefore tick distribution and factors contributing to tick
bite exposure are the most relevant epidemiological elements
associated with AGS.

RISK FACTORS ASSOCIATED TO AGS

The knowledge of risk factors influencing the development of
AGS is still very limited, but important progress has been made
recently. In this regard, there is an important distinction to
be made, AGS patients have high anti-α-Gal IgE Ab levels
(43, 82, 83), but not all patients with high anti-α-Gal IgE
Ab levels develop AGS (25, 53, 74). Two major groups of
risk factors can be then distinguished: (i) those related with
social activities (e.g., employment as forest worker and hunting
activities) and ecological conditions (e.g., ground temperature
and relative humidity) that favor exposure to ticks and tick bites,
and (ii) others (e.g., blood type) that contribute to the capacity
of individuals to develop strong anti-α-Gal IgE response after
tick bites and therefore increase the probability to develop AGS.
Currently, it is not known whether these individual risk factors
are associated to specific genetic traits. In addition, as discussed

TABLE 1 | Reports of AGS cases worldwide.

Country Number of

cases

Tick implicated* References

USA 5011 Amblyomma americanum (45–51)

Australia 801 Ixodes holocyclus

Ixodes (Endopalpiger) australiensis

(44, 52)

Sweden 95 Ixodes ricinus (53–55)

Japan 85 Haemaphysalis longicornis

Amblyomma testudinarium

(31, 56–59)

Germany 56 Ixodes ricinus (44, 60–62)

Spain 50 Rhipicephalus bursa (17, 32, 63)

Italy 27 Ixodes ricinus (31, 64–66)

France 24 (26, 44, 67–70)

Korea >12** Haemaphysalis longicornis (44, 71, 72)

Switzerland 6 Ixodes ricinus (73, 74)

Costa Rica 5 Amblyomma cajennense (44)

South Africa 5 (44, 75)

Panama 4 Amblyomma cajennense (31, 76)

Zimbabwe 1 (44)

Brazil 1 Amblyomma sculptum (31, 77)

Ivory Coast 1 Amblyomma variegatum (31, 78)

Norway 1 Ixodes ricinus (31, 79)

United Kingdom 1 (31, 80)

Netherlands 1 (81)

*A definitive association between these tick species and AGS has not been experimentally

proven in all these reports [see van Nunen (31)].

**The study by Sim et al. (72) reported 11 cases of AGS, Lee et al. (71) reported 1 case of

AGS and van Nunen (44) reported that several more cases of this disease have occurred

in Korea.

above, other factors including alcohol consumption, physical
exercise and use of some medications can affect the clinical
outcome of AGS. It is worth mentioning that no correlation
was found between age and sensitization to α-Gal in German,
Italian, and Spanish cohorts, whereas in a Danish group, older
individuals were found to be at higher risk to develop α-Gal
sensitization (23–25).

Ecological Risk Factors
It is currently accepted that α-Gal sensitization is induced
by tick bites and susceptible individuals develop AGS (23–
25, 44, 53). The relevance of tick bites to develop AGS is
further supported by the fact that some AGS patients were
able to tolerate the consumption of mammalian meat again
after preventing further tick bites (42). In consequence, the
distribution and abundance of ticks is a key factor to consider
when analyzing risk factors associated with AGS (31, 43, 44, 53,
82). In fact, one of the key clues on the causal role of tick bites
in the anaphylactic reactions induced by intravenous infusions
of cetuximab in southeastern United States was the overlap
between the region were cetuximab sensitivity and red meat
allergy were reported and the distribution of the lone star tick
Amblyomma americanum (15, 84, 85). An adequate knowledge of
the distribution of ticks is necessary to evaluate the risk they pose
to human health (86). In addition to A. americanum, other tick
species (e.g., Ixodes holocyclus, Ixodes ricinus, and Amblyomma
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sculptum, see also Table 1) have been associated with α-Gal
sensitization and AGS in different geographical regions (31).
The distribution of some of these tick species is rather big and
overdraws countries and even continents. Therefore, the sole
abundance of ticks in a given area is not sufficient to predict the
risk of α-Gal sensitization and AGS. A second important factor is
the actual exposure to tick bites.

As ectothermic organisms, the life cycle of ticks is deeply
influenced by the temperature. Ticks are sensitive to changes in
the ground temperature and relative humidity, which drive the
length of the life cycle and the mortality of the questing and
molting stages (87). The tolerated environmental thresholds are
species-specific: while a few tick species are plastic enough to
colonize a wide range of weather conditions, most others will
endure under narrower margins (88). The distribution of ticks
is influenced by several factors including vegetation, climate, and
habitat suitability for the main hosts of the tick (86). In exophilic
ticks (those that quest in the vegetation and do not live inside the
shelters of the hosts) the changes in climate are expected to exert
a deep influence, which has already been empirically observed
(89–93) or modeled (86, 94–96). The general pattern of spread
of the investigated ticks so far is an increase in both latitude
and altitude, matching the general trend to warmer autumn
and winter. The changing patterns of rainfall do not influence
the observed spread, probably because rain has little influence
on tick survival, relative humidity or saturation deficit are the
actual drivers of the tick’s mortality (97). This is of particular
interest for ticks that are known to be involved in AGS such as
A. americanum. Springer et al. (98) built a published summary
of collection records of A. americanum in USA and applied
present day and future climate scenarios to forecast the range
change of the tick. Future ensemble predictions for 2061–2080
forecasted minimum changes in the western range limit of the
tick, with a northward expansion of suitable climate into the
Upper Midwest and Western Pennsylvania. Results also pointed
to a range contraction along parts of the Gulf coast and the lower
Mississippi River valley.

In any case, patterns of distribution of ticks are also affected by
the small-scale availability of adequate patches of vegetation used
by suitable hosts for the tick, the tick itself, and frequently visited
by humans. This might explain why α-Gal sensitization and
AGS is more frequently reported in individuals from rural areas
compared to individuals from urban areas (24, 32). Additionally,
forest wardens, lumbermen and hunters, people with frequent
contact to ticks, are also commonly affected by this type of allergy
(23–25, 32). Consequently, German individuals from rural areas
or in forest-related jobs have 2.48 times higher risks of developing
α-Gal sensitization than the control group of a residential
population (24, 25). Similarly, it was found that Danish male
individuals with high tick exposure due to occupational and
hobbies reasons had a higher risk to have increased levels of
anti-α-Gal IgE Abs (23, 24). However, an association between
gender and anti-α-Gal IgE Abs could not be observed in other
cohorts from Germany and Spain (23, 25, 32), which pose
questions concerning the importance of gender differences in
the incidence of AGS. Alternatively, risk factors associated to
gender may be relevant only in the context of some countries

with specific alimentary habits or other factors yet to be identified
and characterized.

Some individuals with α-Gal sensitization and AGS, however,
do not recall having any recent tick bite (24). An explanation
for this finding might be that these individuals did not notice
the tick bite (24). The number of tick bites was also found to
influence the occurrence of α-Gal sensitization and AGS (24).
However, another study found no effect of the number of tick
bites during 1 year on the occurrence of α-Gal sensitization and
AGS (25). In contrast, the absence of tick bites reduced the anti-
α-Gal IgE levels in α-Gal-sensitized individuals suggesting that
tick seasonality might influence the frequency of occurrence of
AGS (84). The idea of AGS seasonality was supported by the fact
that the anti-α-Gal IgE levels decreased over the winter (when the
questing activity of ticks is very low) in a cohort of forest service
employees in Germany (25).

Individual Risk Factors
Atopy
Atopic allergy is type I hypersensitivity that occurs in individuals
with intense IgE-mediated immune responses after exposure to
allergens such as mites, dander, food, or other substances that
are otherwise innocuous. Some studies reported an association
between atopy (diagnosed by SPT) and anti-α-Gal IgE positivity
(23–25). The increase in anti-α-Gal IgE levels correlates with
that of the total IgE and therefore atopy was postulated as an
important predisposing factor to develop AGS (25). In another
study, however, no correlation was found between AGS and a
previous atopic disposition (22).

ABO Blood Groups
The structure of the α-Gal epitope is similar to that of the
blood group B antigen of the ABO blood group system (10, 83).
The only difference between the blood group B and the α-Gal
epitope is that the former has a fucose residue, absent in α-
Gal. Individuals of blood groups AB and B produce the type
B antigen in their red blood cells (RBC), whereas the RBCs
of individuals of blood groups A and O lack this antigen.
Several studies reported that individuals with blood groups AB
and B are significantly underrepresented among AGS patients
(10, 41, 53, 83). In addition, individuals of blood groups AB
and B produce less anti-α-Gal IgE Abs than those produced
by individuals lacking antigen B in their blood groups with
implications for the development of AGS (10, 41, 53). In fact,
a recent report shows that type B antigen confers protection
against the development of AGS (41). One study, however, did
not find a significant association between different ABO blood
groups and the anti-α-Gal IgE levels (25). It is worth mentioning
that in the study by Fischer et al. (25) sera and not RBCs were
used to identify the blood group of the patients. Identification
of blood groups using sera is not very precise. One hypothesis
explaining the protective role of type B antigen in AGS is that
individuals of blood groups AB and B are tolerant to this antigen
and do not develop a strong immunity against the self-type B
antigen and the related antigen α-Gal (99). In agreement with
this hypothesis, low levels of anti-antigen B Abs in blood group
B individuals were associated with low levels of anti-α-Gal IgE
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Abs (10). Despite strong evidence of the protective role of blood
groups AB and B in the development of AGS, the blood type is
frequently overlooked in epidemiological studies of AGS (100).
Evidence suggests that individuals of blood groups A and O may
have higher risk to develop AGS compared to individuals with
blood groups AB and B.

Other Risk Factors
The α-Gal epitope can be also found on cat IgA, IgM and
cat dander (23, 101, 102). Therefore, the possible association
between cat IgA, IgM, cat dander and α-Gal sensitization in
cat owners has been studied (23, 25). The possible association
between pet ownership, especially cats, and α-Gal sensitization
and AGS has not yet been fully elucidated. For example, while
some groups did not find any significant AGS risk related to
cat ownership (25), others observed a high correlation between
cat ownership and increased levels of anti-α-Gal IgE (23). An
airborne-triggered α-Gal sensitization due to cat dander was
ruled out (23, 74). In addition, anti-α-Gal IgE positivity was
not linked to cat allergy analyzed by SPT. Therefore, the cause
of the association of cat ownership and elevated specific anti-
α-Gal IgE remains obscure and possible explanations include
cat scratches as a route of sensitization or introduction of
ticks to human settlements by the cats. Additionally, some pet-
associated endoparasites (e.g., Toxocara spp.) were proposed to
potentially induce, beside tick bites, α-Gal sensitization in pet
owners (23, 103). Although the role of intestinal roundworms
of pets spilling over to humans could not be confirmed by
using serum antibodies against the helminths in a Spanish
cohort, the capacity of intestinal roundworms to induce α-
Gal sensitization in human should be considered in future
studies (23).

ORIGIN OF TICK α-GAL

It is still a matter of debate how tick bites initiate the anti-
α-Gal IgE response, whether the response is triggered by tick-
derived α-Gal present in tick salivary proteins, or by mammalian
glycoproteins or glycolipids that remained in the tick from a
previous blood meal or by α-Gal expressed by other organisms,
such as protozoan parasites, bacteria or viruses, that are
transmitted by ticks. However, recent studies indicated that the
anti-α-Gal IgE response is most likely caused by tick-derived α-
Gal. Firstly, Hamsten et al. (54) visualized in immunolocalization
experiments the α-Gal epitope in the gastrointestinal tract of I.
ricinus ticks. Then, Araujo et al. (104) provided evidence for
the presence of this epitope in the saliva of A. sculptum ticks
by ELISA and immunoblotting (104). These authors further
observed the capacity of the saliva-derived α-Gal epitope to
induce an anti-α-Gal IgE Ab response in α-galactosyltransferase
knockout mice either by injection of tick saliva or by tick
bites (104). In another study, Mateos-Hernández et al. (17)
showed the presence of tick proteins containing the α-Gal
modification in Rhipicephalus microplus BME/CTVM23 cells and
Hyalomma marginatum salivary glands. The molecular basis of
endogenous synthesis of α-Gal in ticks was then demonstrated
by the identification of three α-galactosyltransferase genes in

the genome of the black-legged tick Ixodes scapularis (105).
Heterologous gene expression in α-Gal-negative cells and gene
knockdown in ticks showed that these genes are indeed involved
in α-Gal synthesis and that they are essential for tick feeding
and play an important role in tick-pathogen interactions (105).
N-linked glycan analysis and immunolocalization confirmed
the presence of α-Gal in the salivary secretory vesicles of A.
americanum and I. scapularis fed with human blood, which lacks
α-Gal. Furthermore, salivary samples from these ticks were able
to activate basophils primed with plasma from α-Gal allergic
patients (106).

All these findings indicate that tick-derived α-Gal triggers
the development of α-Gal allergy. The tick-borne pathogen
Anaplasma phagocytophilum increased the levels of α-Gal in
infected tick cells suggesting that tick-borne pathogen infection
may increase α-Gal levels in ticks in vivo (105). This finding
has influenced our current way of thinking about tick-pathogen
interaction since the consequences of tick infestation is not only
related to transmission of pathogens to animals and/or humans,
but also the increased ability of infected ticks to induce AGS
in humans.

IMMUNITY TO TICK BITES AND AGS

The pathomechanism of the AGS is poorly understood. Still
the question remains, why and how the transmission of the
α-Gal epitope during a tick bite can induce an α-Gal-specific
IgE response and in which way defense mechanisms initiated
in the body contribute to the development of this response.
The tick-host interface is characterized by complex interactions
between the host and the arthropod. As soon as mouthparts
of the tick first disrupt the epidermis and then enter the
dermis, host immune mechanisms are initiated in the skin.
The injury caused by the intrusion of tick mouthparts into
the skin triggers in the host hemostatic responses, such as
coagulation, vasoconstriction, and platelet aggregation (107).
Besides, also humoral and cellular components of the innate
immune system are activated such as the complement system,
keratinocytes, endothelial cells, and different leukocytes, which
release anti-microbial peptides and pro-inflammatory cytokines
and chemokines leading to the recruitment of neutrophils and
other inflammatory cells (108). Subsequently, components of
the adaptive immune system contribute to the inflammatory
response against ticks such as memory T and B cells that are
activated and release specific cytokines or produce Abs against
tick antigens (107).

Mouthparts of the tick enter the dermis after disrupting
the epidermis. In the process of wound healing, a subtype
of macrophages, the M2 macrophages, is involved (109). M2
polarized macrophages have the ability to suppress inflammation
via upregulation of anti-inflammatory cytokines, such as
interleukin (IL) 10 or transforming growth factor beta (TGF-β)
to protect the host from detrimental effects of an excessive Th1
response. Additionally, tick saliva has the capacity of inhibiting
the production of proinflammatory cytokines such as IL-1 in
macrophages (108). In this way, tick saliva might also boost the
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effect of M2 macrophages. Inhibition of a Th1 immune response
would in turn, skew the immune response toward Th2.

Mice successively infested by ticks showed augmented levels
of TGF-β together with gradually increasing levels of IL-10 and
IL-4 after every exposure to ticks (110). This finding suggests that
by upregulation of Th2 cytokines, tick bites skew the polarization
of the immune response toward a more anti-inflammatory Th2
cell profile that suppresses a Th1 response (108). However,
Th2 immune responses induce the production of Abs of the
IgE isotype and could therefore participate in the development
of AGS.

Looking at the tick’s perspective, the defense responses of the
host can cause pain, itch, blood flow disruption in the feeding
cavity, or direct damage to the tick (107), and are consequently a
hindrance for effective blood feeding. Therefore, ticks developed
multiple evasion strategies to counteract them. Tick saliva
contains a highly complex mixture of immunomodulatory
substances (108), which inhibit the mechanisms of hemostasis
and suppress innate and adaptive host immune responses. Ticks
differentially produce some of these substances during blood
feeding (111). Compounds present in the tick saliva are able to
reduce the production of pro-inflammatory cytokines such as IL-
12, IL-1β or Tumor necrosis factor alpha (TNF-α) (107), and
at the same time increase the production of anti-inflammatory
mediators like TGF-β or IL-10 (110) that might also contribute
to the generation of a Th2 response.

Prostaglandins are among the most abundant bioactive
molecules in tick saliva (112). Prostaglandin E2 (PGE2), present
in high concentrations in tick saliva, induces vasodilation, and
reduces inflammation (112). PGE2 impairs wound healing by
reducing fibroblast migration, while mediating an increased
migration of macrophages, which in turn are induced to secrete
more PGE2 (113). The hallmark of allergic diseases is the
production of IgE Abs. It has been shown that PGE2 induces class
switch recombination on B cells, leading to the production in
vivo of IgE Abs (114). It can thus be speculated that tick salivary
PGE2 might also stimulate a class switch to IgE Abs in anti-α-
Gal B cells. In this context, it is interesting to note that defense
mechanisms against parasites such as helminths are characterized
by Th2 responses with elevated levels of IgE Abs that seem to
have a protective function in these infections (115). However,
it has been hypothesized that IgE Abs might be important for
immune responses to environmental toxins such as venoms (116)
and in fact, toxins are present in the saliva from a number of
different tick species (117, 118). In patients suffering from AGS
high levels of specific anti-α-Gal IgE Abs are accompanied by
high levels of α-Gal-specific IgG1 Abs. Elevated IgG1 Abs have
been observed to confer immune resistance to cutaneous feeding
by ticks in guinea pigs (119). However, IgG1 Abs did not seem
to have IgE-blocking activity and could not prevent anaphylactic
reactions (120).

In summary, tick bites might induce allergic reactions to
proteins present in the tick’s saliva. In fact, anaphylactic reactions
to tick proteins have been reported in several regions including
Australia (44, 121) and Europe (122), among others. However,
it is not yet known which exact mechanisms are behind
the production of anti-α-Gal IgE Abs. Two hypotheses were

proposed (99). The first hypothesis suggests that in the context
of Th2 cell-mediated immunity induced by tick saliva, α-
Gal expressed on tick saliva proteins is presented to antigen-
presenting cells (APCs) and B cells, which would trigger the
differentiation of B cells into plasma cells producing anti-α-Gal
IgE Abs. The second hypothesis suggests that tick saliva contains
factors, like PGE2, that could induce class switch recombination
of pre-existing B cell clones producing anti-α-Gal IgM and/or
IgG to produce IgE.

ROLE OF HUMAN IMMUNE CELLS IN AGS

Dendritic cells (DCs) represent a major link between the innate
and the adaptive immune system since they have typical innate
immune receptors, but they are also able to function as antigen
presenting cells (APCs) for activation of adaptive immune
responses. In the skin and in mucosal tissues, immature DCs
recognize and phagocytose antigens. Owing to a concomitant
activation of pattern recognition receptors, DCs mature and
migrate to the draining regional lymph nodes. There they present
the processed antigens in the cleft of major histocompatibility
complex (MHC)I or MHCII molecules to T cells, which then
initiate an adaptive immune response (123).

The way of internalization and processing of antigens
determines whether an antigen is considered as harmless or
as dangerous by the body. Ristivojević et al. (124) showed in
in vitro experiments in immature monocyte-derived dendritic
cells (iMDDCs) that the uptake of bovine serum albumin (BSA)
increased substantially when the protein was glycosylated and
carried α-Gal moieties on the surface. Furthermore, the presence
of α-Gal also affected the degradation pathway of BSA since
α-Gal carrying BSA was slower degraded than BSA without α-
Gal (124). This suggests that α-Gal, but not the protein carrying
the oligosaccharide, is recognized by the DCs as an antigen and
affects the uptake and processing of the protein. The fact that
it has been shown that bioactive components such as PGE2
present in the tick saliva can polarize the cytokine production
of DCs toward a Th2 phenotype (125) might suggest that the
IgE response against α-Gal is caused solely by the interaction
between DCs and components of the tick saliva. However, since it
is known that DCs do not produce cytokines essential for Th2 cell
differentiation (such as IL-4), the interplay between the tick saliva
and the host immune system apparently requires other factors for
the induction of an anti-α-Gal Th2 response (126).

Mast cells play a central role in the pathogenesis of allergic
diseases. They are tissue-resident granulocytes and express FcεRI,
a high-affinity Fc receptor specific for the ε heavy chains of IgE
Abs. Upon activation by cross-linking of FcεRI-bound IgE Abs,
mast cells degranulate and release various mediators including
enzymes like tryptase or chymase, cytokines also including the
Th2 cytokines IL-4 and IL-13 (127), and biogenic amines such
as histamine that cause the typical symptoms of allergic diseases.
In contrast, the relevance of mast cells in the immune response
to ticks is still not understood. Mast cell numbers do not change
after a primary tick infestation but the number of mast cells rises
after subsequent tick infestations (128). This might explain why

Frontiers in Immunology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 1210

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cabezas-Cruz et al. Drivers of the α-Gal Syndrome

IL−4 levels in mice were found to increase only after repeated
infestations by ticks (110). Furthermore, ticks can either promote
the secretion of histamine via a histamine release factor (129)
or counteract the effects of secreted histamine by producing
histamine-binding lipocalins (130, 131). These findings point
to the ambiguous role of mast cells in the interplay between
ticks and the host’s immune system. So far studies investigating
the importance of mast cells in the development of the α-Gal
syndrome are missing.

Basophils are granulocytes circulating in the blood. Like mast
cells, they also express the high-affinity IgE receptor FcεRI,
degranulate upon activation and release histamine, and other
mediators. Basophils play an important role in chronic allergic
inflammation and in protective immunity against parasites
(126). It is known that in the immune response against
ticks, basophils are recruited to the tick-feeding site during
a second tick infestation, to accumulate in the skin and
play an important role as tick rejection factors (132, 133).
In guinea pigs, resistance to tick infestation was associated
with basophils infiltration at the tick feeding site and IgG1
Abs appeared to play a role in the basophil response to
ticks (119). Patients with AGS show, together with IgE Abs
to α-Gal, higher titers of IgG1 to this oligosaccharide than
healthy individuals (120). Remarkably, basophils might also be
involved in the initiation of Th2 immune responses since it
has been shown in mouse models that they can act as non-
professional antigen presenting cells (APC) and produce IL-
4. In this way, basophils were able to induce epicutaneous
Th2 sensitization to food antigens applied on skin lesions,
and promote the development of IgE-mediated food allergy in
mice (126, 134). It could be speculated that in a similar way
basophils could eventually also participate in the initiation of
the allergic response against α-Gal. There the injury caused by
the tick mouthparts in the skin could initiate the recruitment of
basophils which by secretion of IL-4 might trigger a Th2 response
against α-Gal.

TRADE-OFF BETWEEN AGS AND
PROTECTION TO PATHOGENS

Ticks are haematophagous ectoparasites of vertebrates and
besides causing AGS, ticks transmit a wide variety of pathogens
including bacteria, viruses, protozoa, and helminths (135). In
particular, Lyme disease caused by the spirochete Borrelia
burgdorferi is the most common tick-borne disease in temperate
regions of North America, Europe, and Asia, and the number
of reported cases has increased in the last years (136). For
example, this disease is of public health concern in France
where the average incidence is 47/100 000 and in some regions
it can reach 200/100 000 (137). Anti-α-Gal immunity is a
good model to understand the association between allergy
and vector-borne pathogen transmission. Gut bacteria induce
IgM and IgG anti-α-Gal Abs that are widely produced in
humans (4), and at high levels these Igs protect against malaria
transmission by Anopheles mosquitoes (6). Furthermore, α-
Gal immunization protects against Chagas disease (138) and

leishmaniasis (139). The anti-α-Gal Ab response may also protect
against infection by other non-vector-borne pathogens such
as Mycobacterium spp. causing different forms of tuberculosis
and mycobacteriosis (140). All pathogens producing these
diseases have the α-Gal epitope exposed on their surface (6,
138–140). Evidence from our lab suggests that B. burgdorferi
expresses α-Gal on their surface. This finding suggests that
anti-α-Gal IgM and IgG may protect against several pathogens
expressing α-Gal on their surface. In contrast to gut microbiota,
α-Gal in tick salivary glycoproteins induces a significant
increase in the levels of anti-α-Gal IgE in the human host
leading, as discussed in this review, to AGS. These results
suggest that while IgM and IgG to α-Gal can be protective
against some pathogens, IgE α-Gal might instead promote
harmful allergies.

Immunity to α-Gal provides a goodmodel to study howAbs to
α-Gal might promote allergy and/or protection against pathogen
infection and transmission by vectors. Evidence suggests that
individuals with blood type B produce fewer anti-α-Gal IgE Abs,
and that AGS is strongly associated with blood type B negative
individuals (10, 53, 141). The reduced capacity of blood group
B individuals to produce anti-α-Gal Abs is presumably due to
tolerance to α-Gal, which is similar to blood group B antigen
(10). In agreement with the negative effect of blood group B
on anti-α-Gal immunity, it was recently discovered that the
frequency of blood group B is positively correlated with the
incidence of malaria and tuberculosis in endemic regions (140).
Interestingly, Lyme disease patients do not develop high anti-
α-Gal IgE when compared to AGS patients (53), even though
both group of patients (i.e., Lyme disease and AGS) should have
been equally exposed to tick bites. High anti-α-Gal IgE in AGS
patients correlates with high anti-α-Gal IgG (10). An interesting
hypothesis emerges: AGS patients who are blood group B
negative may produce high levels of anti-α-Gal IgG and IgM
which may protect them from Lyme disease and other diseases
caused by α-Gal-containing pathogens. Hence, a strong immune
response to α-Gal may protect against these diseases with the
trade-off of developing AGS (11). Despite these observations,
the relation between AGS and pathogen infection/transmission
has never been experimentally tested. Understanding the balance
between these two immune responses to α-Gal may lead to
interventions to control both AGS and infectious diseases.

CONCLUSIONS AND
FUTURE DIRECTIONS

The AGS is a recently reported disease present in many parts
of the world and associated with tick infestations. The IgE Ab
response against α-Gal is the triggering response leading to
AGS but the molecules and immune mechanisms behind it are
still to be discovered. The characterization of these molecules
and mechanisms is essential to improve AGS diagnosis and to
develop interventions for the prevention and control of this
disease. Future research should be focused on the identification
of tick proteins involved in the production of anti-α-Gal IgE
Abs after a tick bite and the immune mechanisms leading to
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AGS. The relationship between tick species and AGS applying
Koch’s postulates in animal models would contribute to better
understand disease cause and evaluation of epidemiological risks.
Data on blood group type should be included in epidemiological
studies to better evaluate the risks associated with blood type
in the population. Other factors that may affect the AGS such
as endoparasite infections and microbiota composition in both
humans and ticks should be considered. Finally, the possibility of
using the anti-α-Gal IgM and IgG Ab responses for the control
of infectious diseases caused by pathogens with α-Gal on their
surface should be developed and could contribute to controlling
some of the most prevalent and mortal diseases in the world.

AUTHOR CONTRIBUTIONS

AC-C and JdlF conceived the study and drafted the manuscript.
AH, PR-C, LM-H, GD, DS,WH, IS, and AE-P wrote specific parts
of the review. All authors reviewed and approved the manuscript
in its current form.

ACKNOWLEDGMENTS

The preparation of this manuscript was partially supported by
the Consejería de Educación, Cultura y Deportes, JCCM, Spain,
project CCM17-PIC-036 (SBPLY/17/180501/000185).

REFERENCES

1. Galili U. Significance of the evolutionary α1,3-galactosyltransferase
(GGTA1) gene inactivation in preventing extinction of apes and old world
monkeys. J Mol Evol. (2015) 80:1–9. doi: 10.1007/s00239-014-9652-x

2. Lanteri M, Giordanengo V, Vidal F, Gaudray P, Lefebvre J-C. A complete
1,3-galactosyltransferase gene is present in the human genome and partially
transcribed. Glycobiology. (2002) 12:785–92. doi: 10.1093/glycob/cwf087

3. Macher BA, Galili U. The Galα1,3Galβ1,4GlcNAc-R (α-Gal)
epitope: a carbohydrate of unique evolution and clinical relevance.
Biochim Biophys Acta. (2008) 1780:75–88. doi: 10.1016/j.bbagen.
2007.11.003

4. Galili U. A unique natural human IgG antibody with anti-alpha-galactosyl
specificity. J Exp Med. (1984) 160:1519–31. doi: 10.1084/jem.160.5.1519

5. Galili U, Mandrell RE, Hamadeh RM, Shohet SB, Griffiss JM. Interaction
between human natural anti-alpha-galactosyl immunoglobulin G and
bacteria of the human flora. Infect Immun. (1988) 56:1730–37.

6. Yilmaz B, Portugal S, Tran TM, Gozzelino R, Ramos S, Gomes J, et al.
Gut microbiota elicits a protective immune response against malaria
transmission. Cell. (2014) 159:1277–89. doi: 10.1016/j.cell.2014.10.053

7. Galili U. The α-gal epitope and the anti-Gal antibody in xenotransplantation
and in cancer immunotherapy. Immunol Cell Biol. (2005) 83:674–86.
doi: 10.1111/j.1440-1711.2005.01366.x

8. Bernth-Jensen JM, Møller BK, Jensenius JC, Thiel S. Biological variation of
anti-αGal-antibodies studied by a novel time-resolved immunofluorometric
assay. J Immunol Methods. (2011) 373:26–35. doi: 10.1016/j.jim.2011.07.017

9. Yu PB, Holzknecht ZE, Bruno D, Parker W, Platt JL. Modulation of natural
IgM binding and complement activation by natural IgG antibodies: a role for
IgG anti-Gal alpha1-3Gal antibodies. J Immunol. (1996) 157:5163–68.

10. Rispens T, Derksen NIL, Commins SP, Platts-Mills TA, Aalberse RC. IgE
production to α-Gal is accompanied by elevated levels of specific IgG1
antibodies and low amounts of IgE to blood group B. PLoS ONE. (2013)
8:e55566. doi: 10.1371/journal.pone.0055566

11. Cabezas-Cruz A,Mateos-Hernández L, Pérez-CruzM, Valdés JJ, Mera IGFD,
Villar M, et al. Regulation of the immune response to α-Gal and vector-borne
diseases. Trends Parasitol. (2015) 31:470–6. doi: 10.1016/j.pt.2015.06.016

12. Galili U. Evolution in primates by “Catastrophic-selection” interplay
between enveloped virus epidemics, mutated genes of enzymes synthesizing
carbohydrate antigens, and natural anti-carbohydrate antibodies. Am J Phys

Anthropol. (2018) 168:352–63. doi: 10.1002/ajpa.23745
13. Hamadeh RM, Jarvis GA, Galili U, Mandrell RE, Zhou P, Griffiss JM. Human

natural anti-Gal IgG regulates alternative complement pathway activation on
bacterial surfaces. J Clin Invest. (1992) 89:1223–35. doi: 10.1172/JCI115706

14. Jonker DJ, Ocallaghan CJ, Karapetis CS, Zalcberg JR, Tu D, Au H-J, et al.
Cetuximab for the treatment of colorectal cancer. N Engl J Med. (2007)
357:2040–8. doi: 10.1056/NEJMoa071834

15. Chung CH, Mirakhur B, Chan E, Le QT, Berlin J, Morse M, et al. Cetuximab-
induced anaphylaxis and IgE specific for galactose-alpha-1,3-galactose. N
Engl J Med. (2008) 358:1109–17. doi: 10.1056/NEJMoa074943

16. Cabezas-Cruz A, Valdés J, de la Fuente J. Cancer research meets
tick vectors for infectious diseases. Lancet Infect Dis. (2014) 14:916–7.
doi: 10.1016/S1473-3099(14)70902-8

17. Mateos-Hernández L, Villar M, Moral A, Rodríguez CG, Arias TA, Osa
VDL, et al. Tick-host conflict: immunoglobulin E antibodies to tick proteins
in patients with anaphylaxis to tick bite. Oncotarget. (2017) 8:20630–44.
doi: 10.18632/oncotarget.15243

18. Fischer J, Yazdi AS, Biedermann T. Clinical spectrum of α-Gal
syndrome: from immediate-type to delayed immediate-type reactions
to mammalian innards and meat. Allergo J Int. (2016) 25:55–62.
doi: 10.1007/s40629-016-0099-z

19. Wilson JM, Schuyler AJ, Schroeder N, Platts-Mills TAE.
Galactose-α-1,3-galactose: a typical food allergen or model IgE
hypersensitivity? Curr Allergy Asthma Rep. (2017) 17:8. doi: 10.1007/
s11882-017-0672-7

20. Platts-Mills TAE, Schuyler AJ, Hoyt AEW, Commins SP. Delayed
anaphylaxis involving IgE to galactose-alpha-1,3-galactose. Curr Allergy

Asthma Rep. (2015) 15:12. doi: 10.1007/s11882-015-0512-6
21. Steinke JW, Pochan SL, James HR, Platts-Mills TA, Commins SP. Altered

metabolic profile in patients with IgE to galactose-alpha-1,3-galactose
following in vivo food challenge. J Allergy Clin Immunol. (2016) 138:1465–
7.e8. doi: 10.1016/j.jaci.2016.05.021

22. Commins SP, Kelly LA, Rönmark E, James HR, Pochan SL, Peters EJ,
et al. Galactose-α-1,3-galactose–specific IgE is associated with anaphylaxis
but not asthma. Am J Respir Critical Care Med. (2012) 185:723–30.
doi: 10.1164/rccm.201111-2017OC

23. Gonzalez-Quintela A, Laursen ASD, Vidal C, Skaaby T, Gude F, Linneberg
A. IgE antibodies to alpha-gal in the general adult population: relationship
with tick bites, atopy, and cat ownership. Clin Exp Allergy. (2014) 44:1061–8.
doi: 10.1111/cea.12326

24. Villalta D, Pantarotto L, Re MD, Conte M, Sjolander S, Borres MP,
et al. High prevalence of sIgE to Galactose-α-1,3-galactose in rural pre-
Alps area: a cross-sectional study. Clin Exp Allergy. (2016) 46:377–80.
doi: 10.1111/cea.12655

25. Fischer J, Lupberger E, Hebsaker J, Blumenstock G, Aichinger E, Yazdi
AS, et al. Prevalence of type I sensitization to alpha-gal in forest service
employees and hunters. Allergy. (2017) 72:1540–7. doi: 10.1111/all.13156

26. Morisset M, Richard C, Astier C, Jacquenet S, Croizier A, Beaudouin
E, et al. Anaphylaxis to pork kidney is related to IgE antibodies
specific for galactose-alpha-1,3-galactose. Allergy. (2012) 67:699–704.
doi: 10.1111/j.1398-9995.2012.02799.x

27. Wilson JM, Platts-Mills TAE. The oligosaccharide galactose-α-1,3-galactose
and the α-Gal syndrome: insights from an epitope that is causal in
immunoglobulin E-mediated immediate and delayed anaphylaxis. Eur Med

J. (2018) 3:89–98. Available online at: https://emj.europeanmedical-group.
com/wp-content/uploads/sites/2/2018/07/The-Oligosaccharide-Galactose-
%CE%B1-13-Galactose....pdf

28. Fischer J, Hebsaker J, Caponetto P, Platts-Mills TA, Biedermann T. Galactose-
alpha-1,3-galactose sensitization is a prerequisite for pork-kidney allergy

Frontiers in Immunology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 1210

https://doi.org/10.1007/s00239-014-9652-x
https://doi.org/10.1093/glycob/cwf087
https://doi.org/10.1016/j.bbagen.2007.11.003
https://doi.org/10.1084/jem.160.5.1519
https://doi.org/10.1016/j.cell.2014.10.053
https://doi.org/10.1111/j.1440-1711.2005.01366.x
https://doi.org/10.1016/j.jim.2011.07.017
https://doi.org/10.1371/journal.pone.0055566
https://doi.org/10.1016/j.pt.2015.06.016
https://doi.org/10.1002/ajpa.23745
https://doi.org/10.1172/JCI115706
https://doi.org/10.1056/NEJMoa071834
https://doi.org/10.1056/NEJMoa074943
https://doi.org/10.1016/S1473-3099(14)70902-8
https://doi.org/10.18632/oncotarget.15243
https://doi.org/10.1007/s40629-016-0099-z
https://doi.org/10.1007/s11882-017-0672-7
https://doi.org/10.1007/s11882-015-0512-6
https://doi.org/10.1016/j.jaci.2016.05.021
https://doi.org/10.1164/rccm.201111-2017OC
https://doi.org/10.1111/cea.12326
https://doi.org/10.1111/cea.12655
https://doi.org/10.1111/all.13156
https://doi.org/10.1111/j.1398-9995.2012.02799.x
https://emj.europeanmedical-group.com/wp-content/uploads/sites/2/2018/07/The-Oligosaccharide-Galactose-%CE%B1-13-Galactose....pdf
https://emj.europeanmedical-group.com/wp-content/uploads/sites/2/2018/07/The-Oligosaccharide-Galactose-%CE%B1-13-Galactose....pdf
https://emj.europeanmedical-group.com/wp-content/uploads/sites/2/2018/07/The-Oligosaccharide-Galactose-%CE%B1-13-Galactose....pdf
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cabezas-Cruz et al. Drivers of the α-Gal Syndrome

and cofactor-related mammalian meat anaphylaxis. J Allergy Clin Immunol.
(2014) 134:755–759.e1. doi: 10.1016/j.jaci.2014.05.051

29. Hendricks SP, He P, Stults CLM, Macher BA. Regulation of the expression
of Galα1-3Galβ1-4GlcNAc glycosphingolipids in kidney. J Biol Chem.
(1990) 266:17621–26.

30. Wölbing F, Fischer J, Köberle M, Kaesler S, Biedermann T. About the role
and underlying mechanisms of cofactors in anaphylaxis. Allergy. (2013)
68:1085–92. doi: 10.1111/all.12193

31. van Nunen S. Tick-induced allergies: mammalian meat allergy and tick
anaphylaxis.Med J Austr. (2018) 208:316–21. doi: 10.5694/mja17.00591

32. Mateo-Borrega M, Garcia B, Larramendi CH, Azofra J, González-Mancebo
E, Alvarado M, et al. IgE-mediated sensitization to galactose-alpha-1,3-
galactose (α-gal) in urticaria and anaphylaxis in Spain: geographical
variations and risk factors. J Invest Allergol Clin Immunol. (2019) 29.
doi: 10.18176/jiaci.0373

33. Versluis A, Os-Medendorp HV, Kruizinga AG, Blom WM, Houben GF,
Knulst AC. Cofactors in allergic reactions to food: physical exercise and
alcohol are the most important. Immun Inflamm Dis. (2016) 4:392–400.
doi: 10.1002/iid3.120

34. Commins SP. Invited commentary: alpha-gal allergy: tip of the iceberg
to a pivotal immune response. Curr Allergy Asthma Rep. (2016) 16:61.
doi: 10.1007/s11882-016-0641-6

35. Pointreau Y, Commins SP, Calais G,Watier H, Platts-Mills TA. Fatal infusion
reactions to cetuximab: role of immunoglobulin E–mediated anaphylaxis. J
Clin Oncol. (2012) 30:334–5. doi: 10.1200/JCO.2011.38.4701

36. Hawkins RB, Frischtak HL, Kron IL, Ghanta RK. Premature bioprosthetic
aortic valve degeneration associated with allergy to galactose-alpha-1,3-
galactose. J Card Surg. (2016) 31:446–8. doi: 10.1111/jocs.12764

37. Wilson JM, Nguyen AT, Schuyler AJ, Commins SP, Taylor AM, Platts-Mills
TA, et al. IgE to the mammalian oligosaccharide galactose-α-1,3-galactose
is associated with increased atheroma volume and plaques with unstable
characteristics—Brief Report.Arterioscler Thromb Vasc Biol. (2018) 38:1665–
9. doi: 10.1161/ATVBAHA.118.311222

38. Mehlich J, Fischer J, Hilger C, Swiontek K, Morisset M, Codreanu-Morel
F, et al. The basophil activation test differentiates between patients with
alpha-gal syndrome and asymptomatic alpha-gal sensitization. J Allergy Clin
Immunol. (2019) 143:182–9. doi: 10.1016/j.jaci.2018.06.049

39. Commins SP, Satinover SM, Hosen J, Mozena J, Borish L, Lewis BD, et al.
Delayed anaphylaxis, angioedema, or urticaria after consumption of redmeat
in patients with IgE antibodies specific for galactose-α-1,3-galactose. J Allergy
Clin Immunol. (2009) 123:426–33. doi: 10.1016/j.jaci.2008.10.052

40. Mullins RJ, James H, Platts-Mills TA, Commins S. Relationship between
red meat allergy and sensitization to gelatin and galactose-α-1,3-galactose. J
Allergy Clin Immunol. (2012) 129:1334–42.e1. doi: 10.1016/j.jaci.2012.02.038

41. Brestoff JR, Tesfazghi MT, Zaydman MA, Jackups R Jr, Kim BS, Scott MG,
et al. The B antigen protects against the development of red meat allergy. J
Allergy Clin Immunol. (2018) 6:1790–91.e3. doi: 10.1016/j.jaip.2018.02.010

42. Kennedy JL, Stallings AP, Platts-Mills TAE, Oliveira WM, Workman
L, James HR, et al. Galactose−1,3-galactose and delayed anaphylaxis,
angioedema, and Urticaria in children. Pediatrics. (2013) 131:e1545–52.
doi: 10.1542/peds.2012-2585

43. van Nunen S, O’Connor KS, Clarke LR, Boyle RX, Fernando SL. An
association between tick bite reactions and red meat allergy in humans.Med

J Aust. (2009) 190:510–11.
44. van Nunen S. Tick-induced allergies: mammalian meat allergy, tick

anaphylaxis and their significance. Asia Pac Allergy. (2015) 5:3–16.
doi: 10.5415/apallergy.2015.5.1.3

45. Platts-Mills TA, Commins SP. Emerging antigens involved
in allergic responses. Curr Opin Immunol. (2013) 25:769–74.
doi: 10.1016/j.coi.2013.09.002

46. Stewart PH, Mcmullan KL, Leblanc SB. Delayed red meat allergy: clinical
ramifications of galactose-α-1,3-galactose sensitization. Ann Allergy Asthma

Immunol. (2015) 115:260–4. doi: 10.1016/j.anai.2015.08.003
47. Ghahramani GK, Temprano J. Tick bite-related meat allergy as a cause

of chronic urticaria, angioedema, and anaphylaxis in endemic areas. Int J
Dermatol. (2014) 54:e64–5. doi: 10.1111/ijd.12672

48. Kleiman AM, Littlewood KE, Groves DS. Delayed anaphylaxis to
mammalian meat following tick exposure and its impact on anesthetic

management for cardiac surgery. A Case Rep. (2017) 8:175–7.
doi: 10.1213/XAA.0000000000000457

49. Khoury JK, Khoury NC, Schaefer D, Chitnis A, Hassen GW. A tick-
acquired red meat allergy. Am J Emerg Med. (2018) 36:341.e1–341.e3.
doi: 10.1016/j.ajem.2017.10.044

50. Kaplan AC, CarsonMP. Diagnosingmeat allergy after tick bite without delay.
J Am Board Fam Med. (2018) 31:650–2. doi: 10.3122/jabfm.2018.04.170425

51. Jackson WL. Mammalian meat allergy following a tick bite: a case
report. Oxford Med Case Rep. (2018) 2018:58–60. doi: 10.1093/omcr/
omx098

52. Kwak M, Somerville C, Nunen SV. A novel Australian tick Ixodes
(Endopalpiger) australiensis inducing mammalian meat allergy after tick
bite. Asia Pacific Allergy. (2018) 8:e31. doi: 10.5415/apallergy.2018.8.e31

53. Hamsten C, Starkhammar M, Tran TAT, Johansson M, Bengtsson U, Ahlén
G, et al. Identification of galactose-α-1,3-galactose in the gastrointestinal
tract of the tickIxodes ricinus; possible relationship with red meat allergy.
Allergy. (2013) 68:549–52. doi: 10.1111/all.12128

54. Hamsten C, Tran TAT, Starkhammar M, Brauner A, Commins SP, Platts-
Mills TA, et al. Redmeat allergy in Sweden: association with tick sensitization
and B-negative blood groups. J Allergy Clin Immunol. (2013) 132:1431–4.
doi: 10.1016/j.jaci.2013.07.050

55. Apostolovic D, Rodrigues R, Thomas P, Starkhammar M, Hamsten C,
Hage MV. Immunoprofile of α-Gal- and B-antigen-specific responses
differentiates red meat-allergic patients from healthy individuals. Allergy.
(2018) 73:1525–31. doi: 10.1111/all.13400

56. Sekiya K, Fukutomi Y, Nakazawa T, Taniguchi M, Akiyama K. Delayed
anaphylactic reaction to mammalian meat. J Investig Allergol Clin Immunol.

(2012) 22:446–7.
57. Chinuki Y, Ishiwata K, Yamaji K, Takahashi H, Morita E. Haemaphysalis

longicornistick bites are a possible cause of red meat allergy in Japan. Allergy.
(2015) 71:421–5. doi: 10.1111/all.12804

58. Hashizume H, Fujiyama T, Umayahara T, Kageyama R, Walls AF, Satoh T.
Repeated Amblyomma testudinarium tick bites are associated with increased
galactose-α-1,3-galactose carbohydrate IgE antibody levels: a retrospective
cohort study in a single institution. J Am Acad Dermatol. (2018) 78:1135–
41.e3. doi: 10.1016/j.jaad.2017.12.028

59. Fujiwara M, Araki T. Immediate anaphylaxis due to beef intestine following
tick bites. Allergol Int. (2019) 68:127–9. doi: 10.1016/j.alit.2018.08.002

60. Caponetto P, Fischer J, Biedermann T. Gelatin-containing sweets can elicit
anaphylaxis in a patient with sensitization to galactose-α-1,3-galactose. J
Allergy Clin Immunol. (2013) 1:302–3. doi: 10.1016/j.jaip.2013.01.007

61. Jappe U. Anaphylaxie durch versteckte Nahrungsmittelallergene: das Î±-
Gal-Syndrom. Allergologie. (2014) 37:265–74. doi: 10.5414/ALX01667

62. Schmidle P, Reidenbach K, Kugler C, Eberlein B, Biedermann T, Darsow U.
Recall urticaria—a new clinical sign in the diagnosis of alpha-gal syndrome.
J Allergy Clin Immunol. (2019) 7:685–6. doi: 10.1016/j.jaip.2018.08.026

63. Nuñez R, Carballada F, Gonzalez-Quintela A, Gomez-Rial J,
Boquete M, Vidal C. Delayed mammalian meat–induced anaphylaxis
due to galactose-α-1,3-galactose in 5 European patients. J

Allergy Clin Immunol. (2011) 128:1122–4.e1. doi: 10.1016/j.jaci.
2011.07.020

64. Calamari AM, Poppa M, Villalta D, Pravettoni V. Alpha-gal anaphylaxis: the
first case report in Italy. Eur Ann Allergy Clin Immunol. (2015) 47:161–62.

65. Villalta D, Cecchi L, Farsi A, Chiarini F, Minale P, Voltolini S, et al. Galactose-
α-1,3-galactose syndrome: an Italian survey. Eur Ann Allergy Clin Immunol.
(2017) 49:263–9. doi: 10.23822/EurAnnACI.1764-1489.35

66. Uasuf C, Torina A, Ferrantelli V, Brusca I. An unusual case of positive
sIgE to Galactose-alpha-1,3-galactose from South Italy. Eur Ann Allergy Clin

Immunol. (2018) 50:45–7. doi: 10.23822/EurAnnACI.1764-1489.25
67. Jacquenet S, Moneret-Vautrin D-A, Bihain BE. Mammalian meat–

induced anaphylaxis: clinical relevance of anti–galactose-α-1,3-galactose IgE
confirmed by means of skin tests to cetuximab. J Allergy Clin Immunol.
(2009) 124:603–5. doi: 10.1016/j.jaci.2009.06.014

68. Renaudin J, Jacquenet S, Metz-Favre C, Baudouin E, Engel F, Blay FD, et al.
Interest of specific Ige measurement for galactose-alpha-1,3-galactose in
unexplained recurrent Urticaria with angioedema, predominantly nocturnal:
about 6 cases. J Allergy Clin Immunol. (2012) 129:AB177. doi: 10.1016/j.jaci.
2011.12.226

Frontiers in Immunology | www.frontiersin.org 10 May 2019 | Volume 10 | Article 1210

https://doi.org/10.1016/j.jaci.2014.05.051
https://doi.org/10.1111/all.12193
https://doi.org/10.5694/mja17.00591
https://doi.org/10.18176/jiaci.0373
https://doi.org/10.1002/iid3.120
https://doi.org/10.1007/s11882-016-0641-6
https://doi.org/10.1200/JCO.2011.38.4701
https://doi.org/10.1111/jocs.12764
https://doi.org/10.1161/ATVBAHA.118.311222
https://doi.org/10.1016/j.jaci.2018.06.049
https://doi.org/10.1016/j.jaci.2008.10.052
https://doi.org/10.1016/j.jaci.2012.02.038
https://doi.org/10.1016/j.jaip.2018.02.010
https://doi.org/10.1542/peds.2012-2585
https://doi.org/10.5415/apallergy.2015.5.1.3
https://doi.org/10.1016/j.coi.2013.09.002
https://doi.org/10.1016/j.anai.2015.08.003
https://doi.org/10.1111/ijd.12672
https://doi.org/10.1213/XAA.0000000000000457
https://doi.org/10.1016/j.ajem.2017.10.044
https://doi.org/10.3122/jabfm.2018.04.170425
https://doi.org/10.1093/omcr/omx098
https://doi.org/10.5415/apallergy.2018.8.e31
https://doi.org/10.1111/all.12128
https://doi.org/10.1016/j.jaci.2013.07.050
https://doi.org/10.1111/all.13400
https://doi.org/10.1111/all.12804
https://doi.org/10.1016/j.jaad.2017.12.028
https://doi.org/10.1016/j.alit.2018.08.002
https://doi.org/10.1016/j.jaip.2013.01.007
https://doi.org/10.5414/ALX01667
https://doi.org/10.1016/j.jaip.2018.08.026
https://doi.org/10.1016/j.jaci.2011.07.020
https://doi.org/10.23822/EurAnnACI.1764-1489.35
https://doi.org/10.23822/EurAnnACI.1764-1489.25
https://doi.org/10.1016/j.jaci.2009.06.014
https://doi.org/10.1016/j.jaci.2011.12.226
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cabezas-Cruz et al. Drivers of the α-Gal Syndrome

69. Guillier A, Fauconneau A, Barruel FD, Guez S, Doutre M-S. Allergic
hypersensitivity to red meat induced by tick bites: a French case report. Eur J
Dermatol. (2015) 25:277. doi: 10.1684/ejd.2015.2531

70. Wagner KD, Bell MC, Pesek RD, Kennedy JL. Fifty-six-year-old man with
anaphylaxis: a novel delayed food hypersensitivity reaction. J Arkansas Med

Soc. (2015) 112:110–2.
71. Lee JH, Kim JH, Kim TH, Kim S-C. Delayed mammalian meat-induced

anaphylaxis confirmed by skin test to cetuximab. J Dermatol. (2013) 40:577–
8. doi: 10.1111/1346-8138.12140

72. Sim DW, Lee JS, Park KH, Jeong KY, Ye Y-M, Lee J-H, et al.
Accurate assessment of alpha-gal syndrome using cetuximab and bovine
thyroglobulin-specific IgE. Mol Nutr Food Res. (2017) 61:1601046.
doi: 10.1002/mnfr.201601046

73. Michel S, Scherer K, Heijnen IAFM, Bircher AJ. Skin prick test and basophil
reactivity to cetuximab in patients with IgE to alpha-gal and allergy to red
meat. Allergy. (2013) 69:403–5. doi: 10.1111/all.12344

74. Bircher AJ, Hofmeier KS, Link S, Heijnen I. Food allergy to the
carbohydrate galactose-alpha-1,3-galactose (alpha-gal): four case
reports and a review. Eur J Dermatol. (2017) 27:3–9. doi: 10.1684/
ejd.2016.2908

75. Gray CL, Zyl A, van Strauss L. Midnight anaphylaxis’ to red meat in
patients with alpha-gal sensitisation: a recent discovery in the food allergy
world and a case report from South Africa: guest review. Curr Allergy Clin
Immunol. (2016) 29:102–4. Available online at: https://hdl.handle.net/10520/
EJC190544

76. Wickner PG, Commins SP. The first 4 Central American cases of delayed
meat allergy with galactose-alpha-1,3-galactose positivity clustered among
field biologists in Panama. J Allergy Clin Immunol. (2014) 133:AB212.
doi: 10.1016/j.jaci.2013.12.760

77. Cocco RR, Ensina LF, Aranda CS, Solé D. Galactose-α-1,3-Galactose (alpha-
gal) allergy without anaphylaxis: a case report in Brazil. Poster presented at

4th Food Allergy and Anaphylaxis Meeting. Rome (2016).
78. KalogaM, Kourouma S, Kouassi YI, Ecra EJ, Gbery IP, Allou AS, et al. Allergy

to red meat: a diagnosis made by the patient and confirmed by an assay for
IgE antibodies specific for alpha-1,3-galactose. Case Rep Dermatol. (2016)
8:10–3. doi: 10.1159/000443631

79. Lied GA. Red meat allergy induced by tick bites: a Norwegian
case report. Eur Ann Allergy Clin Immunol. (2017) 49:186–8.
doi: 10.23822/EurAnnACI.1764-1489.04

80. Shepherd M. Anaphylaxis shock warning over highland tick bites. The

Scotsman. (2015). Available online at: https://www.rehis.com/sites/default/
files/rehisseptember2015e-newsletter1209151.pdf (accessed January 1,
2019).

81. Berends MA, Oude Elberink JN. The alpha-gal syndrome: an allergic
reaction to mammalian meat secondary to a tick bite. Ned Tijdschr

Geneeskund 161:D1062.
82. Commins SP, Platts-Mills TA. Tick bites and red meat allergy. Curr Opin

Allergy Clin Immunol. (2013) 13:354–9. doi: 10.1097/ACI.0b013e3283624560
83. Apostolovic D, Tran TAT, Starkhammar M, Sánchez-Vidaurre S, Hamsten

C, Hage MV. The red meat allergy syndrome in Sweden. Allergy J. (2016)
25:29–34. doi: 10.1007/s15007-016-1044-7

84. Commins SP, James HR, Kelly LA, Pochan SL, Workman LJ, Perzanowski
MS, et al. The relevance of tick bites to the production of IgE antibodies
to the mammalian oligosaccharide galactose-α-1,3-galactose. J Allergy Clin

Immunol. (2011) 127:1286–93.e6. doi: 10.1016/j.jaci.2011.02.019
85. Steinke JW, Platts-Mills TA, Commins SP. The alpha-gal story: lessons

learned from connecting the dots. J Allergy Clin Immunol. (2015) 135:589–
96. doi: 10.1016/j.jaci.2014.12.1947

86. Estrada-Peña A, de la Fuente J, Cabezas-Cruz A. A comparison of
the performance of regression models of Amblyomma americanum. (L.)
(Ixodidae) using life cycle or landscape data from administrative divisions.
Ticks Tick Borne Dis. (2016) 7:624–30. doi: 10.1016/j.ttbdis.2016.01.010

87. Berger KA, Ginsberg HS, Gonzalez L, Mather TN. Relative humidity and
activity patterns of Ixodes scapularis (Acari: Ixodidae). JMed Entomol. (2014)
51:769–76. doi: 10.1603/ME13186

88. Gabriele-Rivet V, Arsenault J, Badcock J, Cheng A, Edsall J, Goltz J,
et al. Different ecological niches for ticks of public health significance

in Canada. PLoS ONE. (2015) 10:131282. doi: 10.1371/journal.pone.
0131282

89. Jaenson TG, Lindgren E. The range of Ixodes ricinus and the risk
of contracting Lyme borreliosis will increase northwards when the
vegetation period becomes longer. Ticks Tick Borne Dis. (2011) 2:44–9.
doi: 10.1016/j.ttbdis.2010.10.006

90. Jaenson TG, Jaenson DG, Eisen L, Petersson E, Lindgren E. Changes in the
geographical distribution and abundance of the tick Ixodes ricinus during the
past 30 years in Sweden. Parasit Vect. (2012) 5:8. doi: 10.1186/1756-3305-5-8

91. Jore S, Vanwambeke SO, Viljugrein H, Isaksen K, Kristoffersen AB,
Woldehiwet Z, et al. Climate and environmental change drives Ixodes ricinus
geographical expansion at the northern range margin. Parasites Vect. (2014)
7:11. doi: 10.1186/1756-3305-7-11

92. Ogden N, Maarouf A, Barker I, Bigras-Poulin M, Lindsay L, Morshed M,
et al. Climate change and the potential for range expansion of the Lyme
disease vector Ixodes scapularis in Canada. Int J Parasitol. (2006) 36:63–70.
doi: 10.1016/j.ijpara.2005.08.016

93. Ogden NH, St-Onge L, Barker IK, Brazeau S, Bigras-Poulin M, Charron
DF, et al. Risk maps for range expansion of the Lyme disease vector, Ixodes
scapularis, in Canada now and with climate change. Int J Health Geogr.
(2008) 7:24. doi: 10.1186/1476-072X-7-24

94. Estrada-Peña A. Increasing habitat suitability in the United States for the
tick that transmits Lyme Disease: a remote sensing approach. Environ Health
Perspect. (2002) 110:635–40. doi: 10.1289/ehp.110-1240908

95. Estrada-Peña A, Estrada-Sánchez A, de la Fuente J. A global set of Fourier-
transformed remotely sensed covariates for the description of abiotic niche in
epidemiological studies of tick vector species. Parasit Vectors. (2014) 7:302.
doi: 10.1186/1756-3305-7-302

96. Estrada-Peña A, Estrada-Sánchez D. Deconstructing Ixodes ricinus: a
partial matrix model allowing mapping of tick development, mortality and
activity rates.Med Vet Entomol. (2013) 28:35–49. doi: 10.1111/mve.12009

97. Estrada-Peña A, Gray JS, Kahl O, Lane RS, Nijhof AM. Research
on the ecology of ticks and tick-borne pathogens—methodological
principles and caveats. Front Cell Infect Microbiol. (2013) 3:29.
doi: 10.3389/fcimb.2013.00029

98. Springer YP, Jarnevich CS, Monaghan AJ, Eisen RJ, Barnett DT.
Modelling the present and future geographic distribution of the
Lone Star Tick, Amblyomma americanum (Ixodida: Ixodidae), in the
Continental United States. Am J Trop Med Hyg. (2015) 93:875–90.
doi: 10.4269/ajtmh.15-0330

99. Cabezas-Cruz A, de la Fuente J, Fischer J, Hebsaker J, Lupberger E,
Blumenstock G, et al. Prevalence of type I sensitization to alpha-gal in forest
service employees and hunters: Is the blood type an overlooked risk factor in
epidemiological studies of the α-Gal syndrome? Allergy. (2017) 72:2044–7.
doi: 10.1111/all.13206

100. Cabezas-Cruz A, Mateos-Hernández L, Alberdi P, Villar M, Riveau G,
Hermann E, et al. Effect of blood type on anti-α-Gal immunity and
the incidence of infectious diseases. Exp Mol Med. (2017) 49:e301.
doi: 10.1038/emm.2016.164

101. Adédoyin J, Grönlund H, Öman H, Johansson S, Hage MV. Cat IgA,
representative of new carbohydrate cross-reactive allergens. J Allergy Clin

Immunol. (2007) 119:640–5. doi: 10.1016/j.jaci.2006.11.637
102. Grönlund H, Adédoyin J, Commins SP, Platts-Mills TA, Hage MV.

The carbohydrate galactose-α-1,3-galactose is a major IgE-binding
epitope on cat IgA. J Allergy Clin Immunol. (2009) 123:1189–91.
doi: 10.1016/j.jaci.2009.03.011

103. Arkestål K, Sibanda E, Thors C, Troye-Blomberg M, Mduluza T, Valenta R,
et al. Impaired allergy diagnostics among parasite-infected patients caused by
IgE antibodies to the carbohydrate epitope galactose-α1,3-galactose. J Allergy
Clin Immunol. (2011) 127:1024–8. doi: 10.1016/j.jaci.2011.01.033

104. Araujo RN, Franco PF, Rodrigues H, Santos LC, Mckay CS, Sanhueza
CA, et al. Amblyomma sculptum tick saliva: α-Gal identification, antibody
response and possible association with red meat allergy in Brazil. Int J

Parasitol. (2016) 46:213–20. doi: 10.1016/j.ijpara.2015.12.005
105. Cabezas-Cruz A, Espinosa PJ, Alberdi P, Šimo L, Valdés JJ, Mateos-

Hernández L, et al Tick galactosyltransferases are involved in α-Gal
synthesis and play a role during Anaplasma phagocytophilum infection

Frontiers in Immunology | www.frontiersin.org 11 May 2019 | Volume 10 | Article 1210

https://doi.org/10.1684/ejd.2015.2531
https://doi.org/10.1111/1346-8138.12140
https://doi.org/10.1002/mnfr.201601046
https://doi.org/10.1111/all.12344
https://doi.org/10.1684/ejd.2016.2908
https://hdl.handle.net/10520/EJC190544
https://hdl.handle.net/10520/EJC190544
https://doi.org/10.1016/j.jaci.2013.12.760
https://doi.org/10.1159/000443631
https://doi.org/10.23822/EurAnnACI.1764-1489.04
https://www.rehis.com/sites/default/files/rehisseptember2015e-newsletter1209151.pdf
https://www.rehis.com/sites/default/files/rehisseptember2015e-newsletter1209151.pdf
https://doi.org/10.1097/ACI.0b013e3283624560
https://doi.org/10.1007/s15007-016-1044-7
https://doi.org/10.1016/j.jaci.2011.02.019
https://doi.org/10.1016/j.jaci.2014.12.1947
https://doi.org/10.1016/j.ttbdis.2016.01.010
https://doi.org/10.1603/ME13186
https://doi.org/10.1371/journal.pone.0131282
https://doi.org/10.1016/j.ttbdis.2010.10.006
https://doi.org/10.1186/1756-3305-5-8
https://doi.org/10.1186/1756-3305-7-11
https://doi.org/10.1016/j.ijpara.2005.08.016
https://doi.org/10.1186/1476-072X-7-24
https://doi.org/10.1289/ehp.110-1240908
https://doi.org/10.1186/1756-3305-7-302
https://doi.org/10.1111/mve.12009
https://doi.org/10.3389/fcimb.2013.00029
https://doi.org/10.4269/ajtmh.15-0330
https://doi.org/10.1111/all.13206
https://doi.org/10.1038/emm.2016.164
https://doi.org/10.1016/j.jaci.2006.11.637
https://doi.org/10.1016/j.jaci.2009.03.011
https://doi.org/10.1016/j.jaci.2011.01.033
https://doi.org/10.1016/j.ijpara.2015.12.005
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cabezas-Cruz et al. Drivers of the α-Gal Syndrome

and Ixodes scapularis tick vector development. Sci Rep. (2018) 8:14224.
doi: 10.1038/s41598-018-32664-z

106. Crispell G, Commins SP, Archer-Hartman SA, Choudhary S,
Dharmarajan G, Azadi P, et al. Discovery of alpha-gal-containing
antigens in North American tick species believed to induce
red meat allergy. Front. Immunol. (2019) 10:1056. doi: 10.3389/
fimmu.2019.01056

107. Kotál J, Langhansová H, Lieskovská J, Andersen JF, Francischetti IM,
Chavakis T, et al. Modulation of host immunity by tick saliva. J Proteomics.
(2015) 128:58–68. doi: 10.1016/j.jprot.2015.07.005

108. Wikel SK. Tick-host-pathogen systems immunobiology an interactive trio.
Front Biosci. (2018) 23:265–83. doi: 10.2741/4590

109. Krzyszczyk P, Schloss R, Palmer A, Berthiaume F. The role of
macrophages in acute and chronic wound healing and interventions to
promote pro-wound healing phenotypes. Front Physiol. (2018) 9:419.
doi: 10.3389/fphys.2018.00419

110. Ferreira BR, Silva JS. Successive tick infestations selectively promote a
T-helper 2 cytokine profile in mice. Immunology. (1999) 96:434–9.

111. Ribeiro JM, Alarcon-Chaidez F, Francischetti IMB, Mans BJ, Mather TN,
Valenzuela JG, et al. An annotated catalog of salivary gland transcripts
from Ixodes scapularis ticks. Insect Biochem Mol Biol. (2006) 36:111–29.
doi: 10.1016/j.ibmb.2005.11.005

112. Williams T. Prostaglandin E2, Prostaglandin I2 and the vascular
changes of inflammation. Br J Pharmacol. (1979) 65:517–24.
doi: 10.1111/j.1476-5381.1979.tb07860.x

113. Poole NM,MamidannaG, Smith RA, Coons LB, Cole JA. Prostaglandin E2 in
tick saliva regulatesmacrophage cell migration and cytokine profile. Parasites
Vect. (2013) 6:261. doi: 10.1186/1756-3305-6-261

114. Gao Y, Zhao C, Wang W, Jin R, Li Q, Ge Q, et al. Prostaglandins E2
signal mediated by receptor subtype EP2 promotes IgE production in
vivo and contributes to asthma development. Sci Rep. (2016) 6:20505.
doi: 10.1038/srep20505

115. Palm NW, Rosenstein RK, Medzhitov R. Allergic host defences. Nature.
(2012) 484:465–72. doi: 10.1038/nature11047

116. Profet M. The function of allergy: immunological defense
against toxins. Q Rev Biol. (1991) 66:23–62. doi: 10.1086/
417049

117. Mans BJ, Gothe R, Neitz AWH. Biochemical perspectives on paralysis and
other forms of toxicoses caused by ticks. Parasitology. (2004) 129:S95–111.
doi: 10.1017/S0031182003004670

118. Cabezas-Cruz A, Valdés JJ. Are ticks venomous animals? Front. Zool. (2014)
11:47. doi: 10.1186/1742-9994-11-47

119. Brown SJ, Graziano FM, Askenase PW. Immune serum transfer of cutaneous
basophil-associated resistance to ticks: mediation by 7SIgG1 antibodies”. J
Immunol. (1982) 129:2407–12.

120. Kollmann D, Nagl B, Ebner C, Emminger W, Wöhrl S, Kitzmüller C, et al.
The quantity and quality of α-gal-specific antibodies differ in individuals
with and without delayed red meat allergy. Allergy. (2016) 72:266–73.
doi: 10.1111/all.12948

121. Rappo TB, Cottee AM, Ratchford AM, Burns BJ. Tick bite anaphylaxis:
incidence and management in an Australian emergency department. Emerg

Med Aust. (2013) 25:297–301. doi: 10.1111/1742-6723.12093
122. Rolla G, Heffler E, Boita M, Doyen V, Mairesse M, Cvackova M, et al. Pigeon

tick bite: a neglected cause of idiopathic nocturnal anaphylaxis. Allergy.
(2018) 73:958–61. doi: 10.1111/all.13344

123. Mathers AR, Larregina AT. Professional antigen-presenting cells of the skin.
Immunol. Res. (2006) 36:127–36. doi: 10.1385/IR:36:1:127
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